ABSTRACT. New geochemical data including
focus on the Nashoba terrane ( fig. 1 ), which forms part of the eastern margin of the Appalachian orogenic belt in southeastern New England. High-grade metamorphic rocks of the Nashoba terrane lie between rocks of lower grade both to the east in the Avalon terrane and to the west in the Merrimack belt of the Ganderian terrane ( fig.  1A ). The earliest rocks in the Nashoba terrane are early Paleozoic metaigneous and metasedimentary rocks (Bell and Alvord, 1976) interpreted to have formed in an arc environment (Bell and Alvord, 1976; Skehan and Abu-Moustafa, 1976; Goldsmith, 1991b; Hepburn and others, 1995) . Deformation and metamorphism to upper amphibolite facies conditions occurred during several discrete periods from the Late Silurian to the Early Carboniferous (Goldsmith, 1991c; Hepburn and others, 1995; Stroud and others, 2009; Walsh and others, 2015; Buchanan and others, 2015) . The terrane was intruded by dioritic and granitic plutons in the Silurian, Devonian and Early Carboniferous (Bell and Alvord, 1976; Zen and others, 1983; Wones and Goldsmith, 1991; Hepburn and others, 1995) . The origin of the Nashoba terrane and its relationships to other terranes in the northern Appalachians has previously been unclear. Some specific questions to address include: (1) Does the terrane have a Gondwanan affinity, or did it originate as an oceanic arc/back-arc complex? (2) If the terrane has Gondwanan affinity, is it related to Avalonia or Ganderia, or is it a separate terrane? And (3) are there equivalents of the Nashoba terrane in the northern Appalachians other than the contiguous along-strike Putnam terrane in Connecticut (Goldsmith, 1991b) (fig. 1A )? Herein we use new Sm-Nd isotopic data for metaigneous and metasedimentary rocks and compilations of published and unpublished major and trace element geochemical data, in order to unravel the origin of the Nashoba terrane and to place it in context with other northern Appalachian arc terranes amalgamated to Laurentia in the early to middle Paleozoic. 
General Geology of SE New England
From the Neoproterozoic until the late Paleozoic, Laurentia was separated from West Gondwana (hereafter simply referred to as Gondwana) by the Iapetus and Rheic ocean basins and lithotectonic terranes, such as volcanic arcs and ribbon continents (for example, Murphy and others, 2006; others, 2009, Hatcher, 2010; van Staal and Hatcher, 2010; van Staal and others, 2012) . These terranes can be grouped into those that formed in the peri-Laurentian, Iapetan, or peri-Gondwanan realms others, 2006, 2007b) . The peri-Gondwanan realm in the northern Appalachians comprises at least three major terranes: Ganderia, Avalonia and Meguma (from west to east, present-day coordinates, fig. 1A ), all of which formed on or near the margin of Gondwana in the early Paleozoic (for example, others, 1998, 2012; Murphy and others, 2006) . Progressive accretion to the Laurentian margin of peri-Laurentian volcanic arcs, Ganderia, Avalonia, Meguma, and finally the remainder of supercontinent Gondwana led to the Ordovician Taconic, Silurian Salinic, Late Silurian-Devonian Acadian, Middle Devonian-Early Carboniferous Neoacadian and Permian Alleghanian orogenies, respectively (for example, Hibbard and others, 2007a; Zagorevski and others, 2007a; others, 2009, 2012; van Staal and Hatcher, 2010; Hibbard and others, 2010; Pollock and others, 2012) . In New England these events produced a sequence of north to northeast striking terranes outboard from the Laurentian margin. In eastern Massachusetts these terranes are, from west to east, (1) the Silurian-Devonian metasedimentary rocks of the Central Maine and Merrimack belts, presumably overlying Ganderian basement, (2) the Nashoba terrane, and (3) the Southeastern New England Composite Avalon terrane ( fig. 1B) . Hibbard and others, 2006) . States/provinces: CT -Connecticut, MA -Massachusetts, ME -Maine, NB -New Brunswick, NH -New Hampshire, NL -Newfoundland, NS -Nova Scotia, RI -Rhode Island, VT -Vermont. (B) Generalized geological map of the Nashoba terrane, eastern Massachusetts (after Zen and others, 1983) with Sm-Nd sample locations. Sample descriptions and UTM coordinates are given in Appendix A. (C) Simplified schematic tectonostratigraphic column for the Nashoba terrane of units from SE to NW, based on Bell and Alvord (1976) and Zen and others (1983) 
Nashoba Terrane
The Nashoba terrane can be divided into a series of early Paleozoic metamorphosed magmatic (largely volcanic) and volcanogenic sedimentary rocks, which together are the focus of this paper, and a series of younger plutons. The early Paleozoic units include the Marlboro Formation, Nashoba Formation, Fish Brook Gneiss, and other minor schist or paragneiss units (Bell and Alvord, 1976; Zen and others, 1983; Goldsmith 1991b; Hepburn and others, 1995) (fig. 1C ). Bell and Alvord (1976) interpreted these older metamorphosed rocks as forming a coherent stratigraphic package dipping to the northwest. However, the terrane has been significantly deformed, metamorphosed and partially melted during the late Silurian, Devonian and early Carboniferous (Goldsmith 1991c; Stroud and others, 2009; Buchanan and others, 2015; Walsh and others, 2015) and the boundaries between major stratigraphic units are now generally faults or shear zones (Goldsmith, 1991c; Hepburn and others, 1995) . Therefore, the units may more closely represent lithodemic units of similar lithologies than actual stratigraphic formations. However, since these units can be mapped over 10's of kilometers along strike, the long-standing formational designations have been retained herein as useful guides in describing the rocks and placing their geochemistry in a lithological context. Furthermore, while there are few reliable age dates in the terrane, those available suggest a general younging to the northwest (see below). The classical tectonostratigraphic column for the Nashoba terrane that represents the sequence of the units from SE to NW is shown as figure 1C (Bell and Alvord, 1976; Goldsmith, 1991b) .
The Marlboro Formation.-The Marlboro Formation is the southeastern most of the stratified units in the Nashoba terrane in Massachusetts ( fig. 1B) , although it either thins stratigraphically and pinches out or it is structurally cut out to the northeast (Zen and others, 1983) . It is chiefly magmatic in origin and consists largely of hornblendeplagioclase amphibolite interlayered with intermediate composition to felsic gneiss and less common rusty-weathering pelitic schist. The amphibolitic rocks are typically fine-to medium-grained and commonly composed of hornblende (50% to 60%) and plagioclase feldspar (An 47 -An 55 , determined petrographically), with minor amounts of quartz, epidote and biotite. Pelitic schist is fine-grained and composed largely of muscovite and quartz, with minor amounts of biotite, garnet, and oligoclase (Goldsmith, 1991b; Kopera and others, 2006) . The Quinnebaug Formation of the Putnam terrane in Connecticut is considered correlative (Goldsmith, 1991b; Wintsch and others, 2007) .
The Millham Reservoir Member of the Marlboro Formation, which occurs along the boundary with the Nashoba Formation ( fig. 1C ), is typically fine-grained and composed of plagioclase feldspar (An 35 -An 45 ), biotite and quartz, with minor amounts of hornblende and augite (Hepburn and DiNitto, 1978; DiNitto and others, 1984) . Based on this unit's intermediate composition, along with the presence of interlayered rusty-weathering schist and amphibolite, the Millham Reservoir Member has been interpreted as a metamorphosed andesitic tuff or flow roughly contemporaneous with the amphibolite units of the Marlboro Formation (Hepburn and DiNitto, 1978; Kopera and others, 2006) .
The metavolcanic rocks within the Marlboro Formation and its equivalent in the Putnam terrane to the south were dated as forming between 543 Ϯ 7 Ma and 501 Ϯ 3 Ma (U-Pb zircon SHRIMP), and a granitic gneiss that intrudes some of these metavolcanic rocks as 515 Ϯ 4 Ma (U-Pb zircon SHRIMP; Walsh and others, 2009 Walsh and others, , 2011a Walsh and others, , 2011b Walsh and others, , 2015 , so they are Cambrian in age.
The Fish Brook Gneiss.-The 499 ϩ6/Ϫ3 Ma (U-Pb zircon TIMS; Hepburn and others, 1995) Fish Brook Gneiss is an intermediate composition to granitic orthogneiss with a distinctive "swirled" foliation (Bell and Alvord, 1976; Hepburn and others, 1995) . It has previously been interpreted as either a metamorphosed felsic volcanic rock (Bell and Alvord, 1976) or a deformed granitic pluton (Castle 1964 (Castle , 1965 see Goldsmith, 1991b for discussion). Meter-scale pods of amphibolite occur sporadically throughout the unit. The contact relationships between the Fish Brook Gneiss and the adjacent Marlboro and Nashoba Formations are unclear. In the central portion of the Nashoba terrane the Fish Brook Gneiss occurs along the north side of the Assabet River fault zone in contact with the Boxford Member of the Nashoba Formation, but to the northeast the contacts are not exposed and are obscured by younger plutons (fig. 1B) . Castle (1964 Castle ( , 1965 interpreted the contact as faulted or unconformable, whereas Bell and Alvord (1976) considered the Marlboro, Fish Brook Gneiss, and Nashoba Formations to be gradational.
The Nashoba Formation.-The Nashoba Formation ( fig. 1B ) comprises a thick sequence of pelitic and feldspathic biotite schist and gneiss, migmatite, and amphibolite with minor amounts of calc-silicate and rusty-weathering sillimanite schist (Bell and Alvord, 1976; Hepburn and DiNitto, 1978; Goldsmith, 1991b; Kopera and others, 2006) . Amphibolite is distributed sparsely throughout the Nashoba Formation in general, but it is the major component of the Boxford Member, which occurs along the formation's southeastern edge near the Assabet River fault zone (figs. 1B and 1C). The Tatnic Hill Formation of the Putnam terrane in Connecticut is considered correlative with the Nashoba Formation (Goldsmith, 1991b; Wintsch and others, 2007) .
The Nashoba Formation has previously been interpreted to have formed in a near-arc basin based on the abundance of metasedimentary rocks with presumed volcanogenic protoliths, interlayered amphibolite and its proximity to the Marlboro Formation metavolcanic rocks Goldsmith, 1991b and references therein). In general, the abundance of amphibolite decreases to the northwest, away from the Marlboro Formation, while the abundance of the metasedimentary rocks increases. None of the metaigneous rocks in the Nashoba Formation have yet been successfully dated. However, preliminary U-Pb laser ablation inductively coupled mass spectrometry (LA-ICPMS) detrital zircon analyses of a Nashoba Formation paragneiss sample yielded a minimum age of 461 Ϯ 19 Ma (1 sigma error) (Loan and others, 2011; Loan, ms, 2011) and indicates that at least some of the Nashoba Formation metasedimentary rocks could be as young as Ordovician. (table 1) . Geochemical data used include that of Durfee (ms, 1983) , Hill and others (1984) , Raposa (ms, 1985) , Oakes-Coyne and others (1996) , OakesCoyne (personal communication, 1996) , and Turner (ms, 1996) .
Because the older rocks of the Nashoba terrane experienced amphibolite facies metamorphism, the discussion focuses largely on the more immobile elements (with the exception of the AFM diagrams and some spiderdiagram elements). Volcanic rock names are used for the igneous rocks for easy comparison, regardless of their intrusive or extrusive origin and subsequent metamorphism. For simplicity, we refer to extended incompatible element spider diagrams normalized to primitive mantle concentrations as "extended element plots," and to rare earth element plots normalized to chondritic concentrations as "REE plots."
Mafic Rocks Marlboro Formation.-Amphibolite compositions from the Marlboro Formation ( fig. 2 ) are tholeiitic on the AFM plot ( fig. 3A ), but include calc-alkaline basalts and basaltic andesite when plotted on a Th-Co diagram for determination of rock type in altered or metamorphosed igneous rocks (Hastie and others, 2007) On tectonic discrimination diagrams, amphibolite samples of the Marlboro Formation plot in a range of MORB and arc-related fields ( fig. 4) . On the Th-Hf/3-Ta plot of Wood (1980;  fig. 4A ) about half the samples plot in the N-MORB and E-MORB fields while most of the others plot between the MORB and arc fields or in the island arc tholeiite field. By comparison, on the La/10-Y/15-Nb/8 diagram of Cabanis and Lecolle (1989) (fig. 4B ) most samples plot in the back-arc and continental arc basalt fig. 3C ), figure 4D shows that approximately half of the Marlboro Formation amphibolite samples plot above the mantle array due to enrichment in Th over Nb (normalized to Yb to eliminate fractionation effects). This is consistent with contamination by either a continental or subduction zone source (Pearce, 2008) . The geochemical and tectono-magmatic discrimination diagrams do not point strongly to a single tectonic setting for the Marlboro Formation but show a mix of MORB and arc-derived components. The REE plots are typical of primitive arc tholeiites but the incompatible elements show little evidence for a strong subduction component aside from the enrichment in LILEs. The lack of strong LREE depletion is not consistent with a pure MORB source, while the low enrichment in Th over Nb suggests minimal contribution from either a subduction or continental source. The largely tholeiitic character of the amphibolites, the low to moderate values of [La/ Yb] N , mixing of back-arc and arc magma signatures on tectonic discrimination diagrams, and minimal enrichment of Th over Nb and Ta do suggest, however, that the Marlboro Formation formed in a arc/back-arc setting on attenuated continental crust.
Nashoba Formation.-Amphibolite samples from the Nashoba Formation are generally similar in major element geochemistry to those of the Marlboro Formation (figs. 2, 5A and 5B), although they include three samples with somewhat more alkaline compositions ( fig. 2 ). However, several of the Nashoba Formation amphibolites plot in the calc-alkaline field in figure 5A , while others have more evolved, Fe-enriched, tholeiitic compositions than any of the Marlboro Formation amphibolites. On extended element plots, Nashoba Formation amphibolite samples show similar patterns to those of the Marlboro Formation but with greater variations in enrichment, especially in Th, Nb, and Ta and some samples have concentrations 2 to 3 times higher in the Nashoba Formation ( fig. 5C , table 1). As in the Marlboro Formation, LILE enrichment is high but variable, there is no strong Nb-Ta anomaly, and a small negative P anomaly is present in some samples.
REE patterns for amphibolite samples from the Nashoba Formation have a much wider range than those in the Marlboro Formation with both positive and negative 5D ). While no strong negative Eu anomalies are present, three samples do have a slight negative Eu anomaly. The HREE patterns are generally flat, but the trend of decreasing HREEs as [La/Yb] N increases is less well developed than in the Marlboro Formation. A major difference between the amphibolite samples from the Nashoba and Marlboro Formations is that several from the Nashoba Formation show LREE depletion, typical of mid-ocean ridge basalts, while those of the Marlboro Formation do not. In the Boxford Member, near the structural base of the Nashoba Formation (Goldsmith, 1991b ) LREE depleted and LREE enriched amphibolites occur in close proximity (table 1), which is consistent with an arc/back-arc basin origin.
The Nashoba Formation amphibolite samples, much like those in the Marlboro Formation, plot in a variety of arc and MORB related fields on tectono-magmatic discrimination diagrams. On the Th-Hf/3-Ta plot of Wood (1980;  fig. 6A ) most samples plot in the N-MORB or E-MORB fields while three plot in or near the OIB-rift field. Two samples plot toward the arc basalt field, and unlike similar amphibolite samples in the Marlboro Formation these trend toward the calc-alkaline basalt field rather than the arc tholeiite field. On the La/10-Y/15-Nb/8 diagram (Cabanis and Lecolle, 1989; fig. 6B ) and in contrast to the Marlboro Formation, Nashoba Formation amphibolite samples plot mostly in the MORB and alkaline fields, with only three in the back-arc and continental arc fields ( fig. 4B ).
The plot of Ti-V (Shervais, 1982) for the Nashoba Formation amphibolite samples shows a broad range of compositions that are mostly within the back-arc and MORB field, with one sample in the alkaline field ( fig. 6C ). As indicated in the extended element plot ( fig. 5C ), enrichment in Th over Nb is minimal in the Nashoba Formation and only three amphibolite samples of nine plot above the mantle array ( fig. 6D ). The other six samples spread out on the mantle array, indicating N-MORB, E-MORB and OIB sources contributing to the amphibolites of the Nashoba Formation.
Geochemical data indicate greater source diversity in the Nashoba Formation amphibolites than in the Marlboro Formation. Samples with strong LREE depletion, Cabanis and Lecolle (1989) . (C) V vs. Ti/1000 diagram for basalts after Shervais (1982) . (D) Th/Yb vs. Nb/Yb mantle array diagram after Pearce (2008) . Shaded area indicates range of mantle array compositions. Abbreviations: BAB ϭ back-arc basalt, BON ϭ boninite, CAB ϭ calc-alkaline basalt, Cont ϭ continental, E-MORB ϭ enriched mid-ocean ridge basalt, IAT ϭ island arc tholeiite, N-MORB ϭ normal mid-ocean ridge basalt, OFB ϭ ocean floor basalt, OIB ϭ ocean island basalt, VAT ϭ volcanic arc tholeiite.
low Th, Nb, and Ta values, and tholeiitic geochemistry, point to less overall contribution from subduction or continental crustal sources in the Nashoba Formation than in the Marlboro Formation; instead these are consistent with a MORB source. However, other samples with moderate LREE enrichment, elevated Th/Nb ratios, and calcalkaline geochemistry indicate the opposite, being more consistent with a subduction and/or continental source. A small subset of three samples indicates an alkaline rift or OIB source may be present in addition to the arc and MORB sources.
A primitive arc/back-arc complex built on attenuated continental crust could produce magmas consistent with all of these sources. As with the Marlboro Formation, this provides a setting where arc-influenced magmas, uncontaminated depleted mantle melts, and mixes thereof can be emplaced in proximity to magmas derived from rifting. composition gneiss samples. For instance, these samples all have a calc-alkaline chemistry ( fig. 7A ), trace element characteristics typical of arc andesite with strong negative Nb, Ta, Ti, and P anomalies and significant enrichment in Th and the LILE ( fig. 7C ). The REE plots with their negative sloped LREE and MREE patterns and flat HREE patterns ( fig. 7D ), are likewise typical of intermediate composition arc magmas. The decreasing HREE content with increasing fractionation and enrichment in LREE is similar to that in the Marlboro Formation amphibolite samples. The volcanic rocks in the Millham Reservoir Member are the most fractionated igneous rocks in the Marlboro Formation, and thus it is likely that their magmas interacted with a greater thickness of crust.
Intermediate and Felsic Rocks
On the granitic discrimination diagram of Pearce and others (1984;  fig. 8A ) the Marlboro Formation and Millham Reservoir Member gneiss samples plot in the volcanic arc granite field, consistent with their origin in a supra-subduction zone environment. The Th-Hf/3-Ta plot of Wood (1980;  fig. 8B ) shows a similar result, with all three samples in the calc-alkaline basalt field. Cabanis and Lecolle (1989) . (C) V vs. Ti/1000 diagram for basalts after Shervais (1982) . (D) Th/Yb vs. Nb/Yb mantle array diagram after Pearce (2008) . Shaded area indicates range of mantle array compositions. Abbreviations: BAB ϭ back-arc basalt, BON ϭ boninite, CAB ϭ calc-alkaline basalt, Cont ϭ continental, E-MORB ϭ enriched mid-ocean ridge basalt, IAT ϭ island arc tholeiite, N-MORB ϭ normal mid-ocean ridge basalt, OFB ϭ ocean floor basalt, OIB ϭ ocean island basalt, VAT ϭ volcanic arc tholeiite.
Nashoba Formation.-The two felsic gneiss samples from the Nashoba Formation have geochemical characteristics similar to the gneisses in the Marlboro Formation (figs. 2, 7A, 7B, 8A and 8B). Analogous to the amphibolites, felsic gneiss from the Nashoba Formation has higher overall enrichments in incompatible elements than gneiss from the Marlboro Formation and trends toward slightly more alkaline compositions. Extended element and REE plots for the Nashoba Formation gneiss samples differ from those in the Marlboro Formation only in detail (figs. 7C and 7D). Sr and P are slightly lower, and a small negative Eu anomaly exists in the Nashoba Formation samples. The presence of negative Eu anomalies in the felsic gneiss and in some of the amphibolite samples from the Nashoba Formation suggest that plagioclase fractionation, and by proxy subduction related fluids, exerted more influence on some of the rocks in the Nashoba Formation than those of the Marlboro Formation.
Nashoba Formation gneiss samples are also similar to the Marlboro Formation gneisses on tectonic discrimination diagrams. On the granitic discrimination diagram (Pearce and others, 1984;  fig. 8A ) the samples plot within the volcanic arc granite field, but tend to be slightly closer to the within-plate and ocean-ridge granite fields than the Marlboro Formation, potentially reflecting the same alkaline rift component seen in the amphibolites.
Fish Brook Gneiss.-The Fish Brook Gneiss is somewhat more evolved than the other felsic gneisses. It is dacitic to rhyolitic in composition (figs. 2 and 7B) and data plot further along the calc-alkaline trend on the AFM diagram ( fig. 7A ). Two geochemical populations can be distinguished within the eight samples analyzed: one from the southwestern part and one from the northeastern part of the exposed areas of Fish Brook Gneiss (fig. 1B, Appendix A) . The REE patterns of the southwestern group samples ( fig. 7D) Incompatible element plots show that the southwestern samples parallel the Marlboro and Nashoba Formation felsic gneisses at slightly lower concentrations, most notably in P and Ti ( fig. 7C ), while the northeastern samples have more prominent positive Th, and negative Sr, P, and Ti anomalies. LILE concentrations, Th/Nb, and Th/Ta are all slightly higher in the southwestern group, suggesting that the subduction and/or crustal contamination component is more pronounced than in the northeastern samples. On the granitic tectonic discrimination diagram ( fig. 8A) , the southwestern group of samples plot entirely within the volcanic arc granite field while three out of four samples from the northeastern group plot in the ocean ridge or within-plate granite fields.
In summary, the southwestern part of the Fish Brook Gneiss more closely resembles the intermediate and felsic gneisses of the Marlboro and Nashoba Formations, whereas the northeastern part has a somewhat more alkaline or rift-like composition. Given that evidence exists for a supra-subduction zone signature in all samples of the Fish Brook Gneiss, but only some samples show evidence of an alkaline or rift component, it is likely that the Fish Brook Gneiss represents evolved arc magmas contaminated by rift magmas or continental crust. A plot of La/Yb vs. Sc/Ni ( fig. 8C) shows that intermediate and felsic gneisses of the Nashoba and Marlboro Formations have compositions typical of continental arc andesite (Bailey, 1981) , suggesting that continental crust was present during the evolution of the Nashoba terrane. Therefore, the rift-like component in the Fish Brook Gneiss may indicate active rifting, or it could also be an inherited component from an older basement to the Nashoba terrane through assimilation, similar to that present in the Eocene to Miocene segments of the modern Vanuatu arc of the southwest Pacific ocean (Buys and others, 2014) .
Sm-Nd ISOTOPE GEOCHEMISTRY
Four samples were collected from the Marlboro Formation for Sm-Nd analysis: two amphibolites (MFA-1 and MFA-2), one schist (MFS-1) and one felsic gneiss from the Millham Reservoir Member (MRG-4). Samples from the Nashoba Formation include two amphibolites (NFA-3 and NFA-7), one pelitic schist (NFS-1), and one paramigmatite (NFM-1). Two samples were chosen from the Fish Brook Gneiss, both granitic gneisses . Sample locations with brief lithological descriptions are given in Appendix A and the locations are shown on figure 1B.
Methods for Sm-Nd Determination and Presentation
Whole rock samples were crushed, powdered, and dissolved for Sm-Nd isotopic geochemistry at Boston College and Boston University and then analyzed at the Boston University TIMS Facility following the methods of Harvey and Baxter (2009) and Pollington and Baxter (2010) . Large hand samples were selected, then trimmed of any weathered surfaces that spanned visible compositional heterogeneities so as to yield a representative bulk rock average. These samples (several hundred grams each) were hand-crushed and ϳ10 gram splits were powdered from which a ϳ50 to 100 mg aliquot was taken for dissolution, column chemistry, and TIMS analysis. Nd of 0.7219. Full procedural blanks during the course of analysis were Ͻ30 pg, insignificant for these samples. Neodymium isotopes were ionized and measured as the oxide (NdOϩ) on single rhenium filaments with a tantalum-oxide loading slurry (Harvey and Baxter, 2009 Nd altered from the average continental crustal value during the time of its formation by fractionation processes (such as partial melting). Thus, the model uses the observed modern Sm-Nd isotopic composition of a sample to calculate the sample's evolution line back to the age of crystallization (that is, an independently determined radiometric age) in order to determine the initial ε Nd value. Then, to determine the depleted mantle model age, this model follows the evolution line for continental crust (with the modeled, time-dependent average 147 Sm/
144
Nd of continental crust given by DePaolo and others, 1991) at the time of its primary extraction from the mantle back to its intercept with the evolution line of the depleted mantle. DePaolo and others (1991) use a modified equation for the depleted mantle in this model: ε Nd (T) ϭ 8.6 -1.91 T where T is the age in Ga. In theory, this method should correct for any significant alteration of the 147 Sm/ 144 Nd ratio during rock formation, yielding a more accurate T DM for the continental parent material. Note that this method cannot account for processes (such as incorporation of juvenile melt with a different ε Nd ) that would also change the ε Nd at the time of crystallization. In this case, samples would represent mixes of different material and T DM information is consequently obscured.
Amphibolites
The high ε Nd(500) values for Marlboro and Nashoba Formation amphibolite samples MFA-1, NFA-3 and NFA-7 (table 2) Nd ratio of Marlboro Formation amphibolite sample MFA-2, and lower ε Nd(500) value (ϩ4.07) as compared with MFA-1, is consistent with derivation from a mix of depleted mantle melt and a more isotopically evolved contaminant than in MFA-1. Its T DM(91) age of 0.86 Ga suggests incorporation of early Neoproterozoic or older material.
Intermediate and Felsic Gneisses
The intermediate ε Nd (500) values of the Millham Reservoir Member (MRG-4) and Fish Brook Gneiss samples (FBG-3 and FBG-4) are consistent with derivation either from a moderately evolved, significantly older source or from a mix of juvenile (for example, magmatic arc) and evolved sources. Given the arc-like geochemical compositions of MRG-4 and FBG-4 and possibly FBG-3, the latter is the most probable explanation. The juvenile source is likely the same depleted mantle from which the Marlboro Formation amphibolites were derived and the evolved source may be the basement of the Nashoba terrane. The depleted mantle models both give middle to late Mesoproterozoic (ϳ1.1-1.5 Ga) model ages for these samples (figs. 9A and 9B, table 2). These ages also most likely indicate a mix of juvenile ϳ500 Ma and evolved material older than middle to late Mesoproterozoic. The evolved source may be the basement of the Nashoba terrane. If true, and if the basement is dominantly igneous in origin, then its isotopic signature is likely Paleoproterozoic or older, because mantlederived rocks of even early Mesoproterozoic age would not have sufficiently low 
Metasedimentary Rocks
The negative ε Nd(500) values of the Marlboro Formation schist (MFS-1) and the two metasedimentary samples from the Nashoba Formation (NFS-1, NFM-1) ( Nd ratios suggest derivation from a dominantly felsic source. Neither the amphibolites nor the felsic rocks of the Marlboro Formation have sufficiently evolved isotopic compositions to produce the ε Nd(500) value of the Marlboro Formation schist, suggesting at least some additional sediment source, such as unexposed basement of the Nashoba terrane or an external evolved continental source. All three metasedimentary samples plot in an approximate group with depleted mantle model ages in the late Paleoproterozoic, which reflects the average minimum age of the source regions. Based on U-Pb LA-ICPMS detrital zircon ages, the source areas for the Nashoba terrane did include Paleoproterozoic and even Archean material (Loan, ms, 2011; Loan and others, 2011) . 
Geochemistry of the Nashoba Terrane
The metaigneous rocks of the Marlboro and Nashoba Formations consist of tholeiitic, calc-alkaline, and a few alkaline basalts as well as calc-alkaline andesites, with compositions indicative of formation in island arcs, continental arcs, ocean ridges and back-arc basins. Thus, these rocks have geochemical characteristics consistent with their formation in an arc/back-arc complex. Amphibolite samples from the Nashoba Nd ratio of these samples is high enough to introduce some error but not so high as to preclude significance. ‡ Samples for which the model of DePaolo and others (1991) does not apply because their high ε Nd values indicate they are juvenile and therefore not likely to have interacted with continental crust: the model ages reflect this as they are only slightly higher than the assumed crystallization ages.
Formation contain a greater range of compositions than the Marlboro Formation, including strongly LREE depleted, MORB-like basalt and hints of alkaline rift-like signatures. The REE data suggest that the Nashoba Formation had greater subduction zone and continental input, but higher Th enrichment over Nb in the Marlboro Formation may indicate the reverse to be the case. The southwestern group of samples from the Fish Brook Gneiss is similar to the intermediate composition and felsic gneisses of the Marlboro and Nashoba Formations. In general these appear to be typical of continental arc andesite and rhyolite, formed through interaction between juvenile arc magmas and evolved continental material. However, the northeastern group of Fish Brook Gneiss samples differs in REE and Yb-Ta compositions and appears to have a more significant crustal melt component. others, 1998, and others, 2007b) , and data from Ganderian sedimentary and metasedimentary rocks. Dotted: data from metasedimentary rocks of the Gander group in Newfoundland (D' Lemos and Holdsworth, 1995; Schofield and D'Lemos, 2000) . Gray: data for Saint John Group of the Avalonian Caledonia terrane, from Satkoski and others (2010) . Dashed: data for two metasiltstones from the Brookville terrane in southern New Brunswick, from Samson and others (2000) .
The Sm-Nd isotopic characteristics of the mafic and intermediate composition rocks are consistent with a trace element geochemistry and formation in an arc/backarc tectonic setting. Three of four amphibolites in the Marlboro and Nashoba Formations show juvenile mantle compositions and were likely derived directly from the mantle. The fourth amphibolite, from the Marlboro Formation, shows evidence of incorporation of more evolved material, such as that coming from a continental basement to the Nashoba terrane. However, the generally flat HREE patterns in both the Marlboro and Nashoba Formation amphibolite samples indicate that garnet was not stable during the equilibration of these magmas. Therefore any crust present could not have been of significant thickness.
Based on high 147 Sm/ 144 Nd ratios and moderate ε Nd(500) values, the intermediate and felsic rocks can best be explained as having a mixture of juvenile and evolved sources. If instead these rocks were the partial melts of strictly crustal rocks with moderate ε Nd(500) values, they would have lower 147 Sm/ 144 Nd ratios due to preferential incorporation of Nd over Sm into melts. The model ages suggest input from a Mesoproterozoic or older basement to the Nashoba terrane. The metasedimentary rocks of the Marlboro and Nashoba Formations have significantly evolved compositions, indicating input of material of Paleoproterozoic or older age.
Model for Tectonic Setting of the Nashoba Terrane
The basaltic magmas of the Marlboro Formation that show juvenile mantle signatures erupted as arc and back-arc tholeiites on a thinned or attenuated continental crust, with minimal incorporation of continental material ( fig. 10A ). Transitional to calc-alkaline basalts of the Marlboro Formation indicate that fractional crystallization and wallrock assimilation took place ( fig. 10B ), implying that magma ascent was hindered by a thickened volcanic pile. Andesitic and dacitic magmas of the Marlboro Formation and the more felsic magmas of the Fish Brook Gneiss indicate additional fractionation and/or assimilation, that suggests they encountered an even thicker crust. In summary, the Marlboro and Nashoba Formations, and Fish Brook Gneiss have geochemical characteristics that are best explained by a primitive volcanic arc setting emplaced on rifted or otherwise attenuated continental crust, followed by fractionation and/or assimilation in a thickened crust.
The greater volume of metasedimentary rocks, higher proportion of MORB-like basalts, and presence of a few alkaline basalts in the Nashoba Formation suggest a setting with a higher back-arc component than that of the Marlboro Formation. However, there are also amphibolites in the Nashoba Formation that have negative Eu anomalies and higher [La/Yb] N ratios than any of the amphibolites in the Marlboro Formation, indicating an overall strong arc component. Most likely, the Nashoba Formation developed in a widening arc/back-arc system as the distance between the arc and back-arc volcanic centers increased (figs. 10B and 10C). This would allow less mixing between arc and back-arc magmas, explaining the distinct and separate arc-like and MORB-like REE patterns in the amphibolites of the Nashoba Formation. The wide range of compositions in the Boxford Member of the Nashoba Formation including, arc, back-arc and rift lavas suggest that it formed in close proximity to the arc. However, the decreasing abundance of volcanic rocks and the increasing amount of sedimentary rocks in the remainder of the Nashoba Formation indicate that it likely formed further from the arc in a widening and extending back-arc basin. Later tectonism significantly reduced the width of this basin and resulted in the modest breadth of the modern Nashoba terrane.
Terrane Affinity: Ganderia or Avalonia?
One goal of this study was to use Sm-Nd geochemistry to test whether the Nashoba terrane has Ganderian or Avalonian affinity. The high positive ε Nd(500) values of the amphibolites reflect input of juvenile magmas around 500 Ma and are consistent with either Ganderia or Avalonia (Hibbard and others, 2007a) . The near-zero ε Nd(500) values of the intermediate composition and felsic rocks are within the range where the values of the most evolved Avalonian and most juvenile Ganderian felsic igneous rocks overlap ( fig. 9B ). It is possible that these values are a result of mixing between juvenile material (for example, the amphibolites with high ε Nd(500) ) and more evolved material (lower ε Nd(500) values than their actual measured values), in which case it is more likely that the evolved material has Ganderian crustal affinity. Regardless, the Mesoproterozoic T DM(81) model ages are older than typical Avalonian igneous rocks (ϳ0.8 -1.1 Ga; Nance and Murphy 1996; Murphy and others, 2000 Murphy and others, , 2004 Murphy and others, , 2008 Murphy and Nance, 2002; Hibbard and others, 2007a) and are consistent with the typical range for Ganderian igneous rocks (ϳ1.2 -1.8 Ga; Samson and others, 2000; Schofield and D'Lemos, 2000; Rogers and others, 2006; Hibbard and others, 2007a; Pollock and others, 2012; Dorais and others, 2012) .
The strongly negative ε Nd(500) values and Paleoproterozoic model ages (using either T DM(81) or T DM(91) model) of the three metasedimentary rocks sampled are characteristic of Ganderian sedimentary rocks (Samson and others, 2000; Schofield and D'Lemos, 2000; Rogers and others, 2006; Pollock and others, 2012) and could not have been derived from typical Avalonian crust (Barr and others, 1998; Hibbard and others, 2007b) . These samples are the most definitive evidence for Ganderian basement. However, Satkoski and others (2010) showed that sedimentary rocks of the Caledonia terrane in New Brunswick, interpreted to be part of Avalonia, (for example, Barr and Kerr, 1997; Hibbard and others, 2006) have broadly similar Sm-Nd isotopic characteristics ( fig. 9B ) and detrital zircon ages between 540 and 490 Ma, which overlap the range of radiometric ages of the Nashoba terrane. Thus, the isotopic characteristics of the metasedimentary rocks in the Nashoba terrane are typical of Ganderian terranes, but not completely outside the range for all terranes currently interpreted as Avalonian. However, in addition to the isotopic data, other evidence exists for a Ganderian affinity. During the time of the abundant magmatism in the Nashoba terrane (ϳ540 -500 Ma) there was a lack of magmatic activity in Avalonia, which was a stable platform at this time (for example, Landing and Murphy, 1991; Hibbard and others, 2007a; Pollock and others, 2012; . Furthermore, detrital zircon age distributions of metasedimentary rocks of the Nashoba terrane match those from Ganderian terranes in eastern Canada, (for instance, a major peak at ϳ540 Ma; van Staal and others, 2009; Loan and others, 2011; Loan, ms, 2011; Pollock and others, 2012) . However, they contrast significantly with the distributions seen in Avalonian rocks (for instance, a major peak at ϳ 610 Ma and very few Cambrian zircons are typical of Avalonia, but not of the Nashoba terrane; Fyffe and others, 2009; Loan, ms, 2011; Pollock and others 2012) . Thus, we interpret the Nashoba terrane as being underlain by Ganderian sialic crust and part of the larger Ganderian terrane of the northern Appalachians.
Regional Comparisons
Penobscot arc.-The Ganderian affinity and ϳ500 to 540 Ma age range for the arc rocks of the Marlboro Formation and Fish Brook Gneiss indicate a temporal relationship with Penobscot arc activity in the northern Appalachians (for example, Hibbard and others, 2007a; van Staal and others, 2009; Fyffe and others, 2011; . That volcanic arc formed along the Iapetus ocean-facing, leading edge of the Amazonian margin of Gondwana at ca. 515 to 485 Ma (for example, Fyffe and others, 2011; Pollock and others, 2012; and temporally overlapped with the more inboard rifting of Ganderia from Gondwana at ϳ505 Ma (Murphy and others, 2006; Schulz and others, 2008; van Staal and others, 2009; Fyffe and others, 2009; Zagorevski and others, 2010; Pollock and others, 2012; . Penobscot magmatic arc activity is well documented on the eastern side of Ganderia in the Annidale and New River terranes of southeastern New Brunswick ( fig.  1A ) (Johnson and others, 2009, 2012; Fyffe and others, 2011; , as well as in the Bourinot volcanic belt in the Bras d'Or terrane in Nova Scotia ( fig. 1A : White and others, 1994; Barr and others, 1998) , the Victoria Lake Supergroup in central Newfoundland ( fig. 1A ; Zagorevski and others, 2007a Zagorevski and others, , 2007b Zagorevski and others, , 2010 and the Bay du Nord Group in the Hermitage Flexure, along the south coast of Newfoundland ( fig. 1A ; Valverde-Vaquero and others, 2006a; Zagorevski and others, 2010) . In all these areas, extensional, NW migrating (current coordinates), arc/back-arc systems formed during Penobscot arc activity that likely produced several arcs and intervening back-arc basins (Valverde-Vaquero and others, 2006b; others, 2007a, 2010; van Staal and others, 2009; others, 2009, 2011) . These Penobscot arcs formed on extended and rifted blocks of Ganderian crust, such as those exposed in the Brookville and New River terranes in southeastern New Brunswick ( fig. 1A ; Johnson and others, 2009, 2012; Fyffe and others, 2011; Pollock and others, 2012; and the Bras d'Or terrane in Cape Breton Island ( fig. 1A ; Barr and others, 1998; . This basement is composed largely of Neoproterozoic arc-related volcanic and plutonic rocks (Hibbard and others, 2007a; Pollock and others 2012; , although older sedimentary rocks are present in these terranes in the Green Head Group of the Brookville terrane and George River metamorphic suite of the Bras d'Or terrane ( fig. 1A ; for example, . The Penobscot arc rocks show the influence of the Ganderian crustal basement in both their isotopically evolved ε Nd signatures and their detrital zircon suites in a similar fashion to that seen in the Nashoba terrane others, 2009, 2011; Kay and others 2011; Pollock and others, 2012; Kay, ms, 2012) . For example, in the New River and Annidale terranes of southern New Brunswick ( fig. 1A ) Penobscot volcanic rocks were deposited on Neoproterozic sialic crust and range in age from ϳ514 to 482 Ma (Johnson and others, 2009, 2012; Fyffe and others, 2011) . These volcanic arc rocks have compositions ranging from basalt through basaltic andesite to felsite with tholeiitic, transitional and calc-alkaline chemistries (Johnson and others, 2012) . The mafic rocks include those with both enriched and depleted LREE patterns as well as depleted and non-depleted Nb signatures (Johnson and others, 2009, 2012; Fyffe and others, 2011) , characteristic of rocks erupted in arc/back-arc settings, and are thus similar to those in the Nashoba terrane. It is not clear that the Nashoba terrane is, or once was, continuous with the Annidale terrane in southern New Brunswick, or whether they represent separate arcs that were active at this time, perhaps not unlike the SW Pacific ocean today (van Staal and others, 1998) . However, it is clear that volcanic rocks in the Nashoba terrane do represent a continuation into southeastern New England of Penobscot-aged arc/back-arc volcanism.
Ellsworth terrane.-In eastern Maine, the Ellsworth terrane lies along the trailing (SE) edge of Ganderia ( fig. 1A) . It consists of a mid-Cambrian (509Ϯ1 to 504Ϯ3 Ma; Ruitenberg and others, 1993; Schulz and others, 2008) greenschist facies bimodal volcanic suite with interlayered sedimentary rocks in the Ellsworth and Castine sequences (van Staal, 2007; Schulz and others, 2008; Fyffe and others, 2009) , and these temporally overlap the volcanic rocks in the Nashoba terrane. In New Brunswick, somewhat similar but slightly older rocks occur in the New River terrane and include the oldest dated Penobscot arc rocks: a rhyolite breccia in the upper part of the Mosquito Lake Road Formation (514Ϯ 2 Ma; Johnson and McLeod, 1996; Johnson, 2001; McLeod and others, 2003; Fyffe and others, 2011; Johnson and others, 2012) . The Mosquito Lake Road Formation includes andesite and rhyolite with arc chemistries. The volcanic rocks in the Ellsworth terrane in Maine, however, differ in having a strong bimodal distribution and mafic rocks with concave down REE patterns. This has led to their interpretation as forming in an extensional marine basin (Schulz and others, 2008; Fyffe and others 2011) in one of two tectonic settings. others (2009, 2011) and Hibbard and others (2007a) interpret these rocks to have formed in a back-arc basin during the extensional phase of Penobscot volcanism following the initiation of the original arc magmatism. In that case, the Ellsworth terrane volcanic rocks could be equivalent to the back-arc volcanic rocks in the Marlboro or particularly the Nashoba Formation. However, Schulz and others (2008) interpreted the Ellsworth terrane volcanic rocks in Maine as the initial rifted boundary that formed during rifting of Ganderia from Gondwana. If this were true, the Ellsworth terrane in Maine would have formed farther inboard of the Gondwanan continental margin than the Nashoba terrane arc/back-arc rocks and is not correlative. In this scenario, if the Ellsworth terrane volcanic rocks ever extended to southern New England, they would have lain east of the Nashoba terrane and thus have been lost through later subduction erosion and/or strike-slip faulting.
Younger Tectonic Activity
In Atlantic Canada, Penobscot arc volcanism was followed by a period of nonmagmatic activity as the expansive arc/back-arc system tectonically consolidated and was closed during the Penobscot orogeny (ϳ486 -478 Ma) others, 2007b, 2010; Johnson and others, 2012; . However, shortly following this consolidation a new period of arc volcanism, the Popelogan-Victoria arc, ( fig. 1A ; ϳ475-455 Ma) developed above an east-dipping subduction zone, in part, on the remnants of the Penobscot arc (van Staal, 1994; van Staal and others, 1998; Zagorevski and others, 2010; van Staal and others, 2016) . Volcanic rocks of this age (472-465 Ma) are also present in the Falmouth-Brunswick sequence and Casco Bay Group in southwestern Maine (West and others, 2004; Hussey and others, 2010) . As with its predecessor (the Penobscot arc), the Popelogan-Victoria arc was extensional and migrated to the NW, opening the extensive TetagoucheExploits back-arc basin from ϳ473 to 455 Ma (van Staal, 1994; others, 1998, 2016; . A passive margin, Ganderia's trailing margin, formed the eastern side of this basin . This basin closed during the Silurian Salinic orogeny and Ganderia fully accreted to the leading edge of Laurentia by ϳ423 Ma (for example, van Staal and others, 1998; Valverde-Vaquero and others, 2006a; others, 2011, van Staal and van Staal and others, 2016) . Thus far, no evidence for this younger (Ordovician) volcanism exists in the Nashoba terrane, where no early Paleozoic metaigneous rocks have been dated as younger than ϳ 500 Ma. However, U-Pb LA-ICPMS analysis of detrital zircon from a paragneiss of the Nashoba Formation yielded a small youngest age population of ϳ461 Ϯ19 Ma (Loan, ms, 2011; Loan and others, 2011) . While LA-ICPMS analyses can produce anomalously young ages because of uncorrected Pb loss (for example, Bowring and others, 2006) , this age suggests it might be possible that the Nashoba terrane experienced additional sedimentation and/or volcanism during the time of the Ordovician Popelogan-Victoria arc/back-arc cycle. Nd isotopic data from the Nashoba terrane show that the Cambrian metabasaltic and more felsic metaigneous rocks of the Marlboro and Nashoba Formations and Fish Brook Gneiss have tholeiitic, transitional, calc-alkaline and even alkaline chemistries and indicate that this terrane formed as an arc/back-arc complex on thinned or attenuated continental crust. The isotopic data point toward the presence of an isotopically evolved, Mesoproterozoic or older continental basement that had at least some input from a Paleoproterozoic source, indicating this basement is Ganderian. Thus, the Nashoba terrane is part of the Ganderian microcontinent, signifying that Ganderia extends farther SE into SE New England than previously established. The Nashoba terrane is not part of the Avalonian microcontinent or a separate oceanic arc/back-arc complex. The age and geochemical composition of the magmatism in the Nashoba terrane can be correlated with that of the Penobscot arc/back-arc that formed in the early Paleozoic along the leading margin of Ganderia and seen farther north in the Appalachians, particularly in the Annidale and New River terranes of southern New Brunswick. This correlation implies that Cambrianearly Ordovician arc/back-arc activity occurred farther to the SE than previously recognized and thus extends the range of this activity from Newfoundland to southeastern New England. Recognition of this correlation provides a context for the Nashoba terrane within the framework of the northern Appalachian orogen.
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MFA-2 is a fine-to medium-grained weakly foliated plagioclase-hornblende amphibolite composed of approximately 55% hornblende and 35% andesine (An 47 ) with minor amounts of quartz, epidote, biotite and chlorite. The biotite forms only along fractures; the epidote and chlorite most likely represent a retrograde assemblage. MFA-2 was collected approximately 1 km southwest of MFA-1, near the eastern boundary of the Marlboro Formation.
MFS-1 is a fine-grained well foliated plagioclase-biotite-muscovite schist composed of approximately 55% muscovite, 35% quartz, 5% biotite, and 5% oligoclase with minor amounts of garnet and secondary chlorite. MFS-1 was collected in the center of the city of Marlborough at the type locality of the Marlboro Formation as defined by Emerson (1917) .
MRG-4 is a medium-grained augite-hornblende-quartz-biotite-plagioclase foliated gneiss composed of approximately 40% andesine (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) ), 20% biotite, 10% quartz, 8% hornblende, 5% augite and minor amounts of apatite, titanite, and clinozoisite-epidote. Additionally, about 10% is made up of ϳ2mm size grains of enstatite-hypersthene that appear to be relict phenocrysts. By contrast, the augite crystals have been largely dismembered by shearing. MRG-4 was collected on the northern side of the Millham Reservoir Granulite, less than 200m from the Assabet River fault zone ( fig. 1B) .
Nashoba Formation.-Samples from the Nashoba Formation include two amphibolites (NFA-3 and NFA-7), one pelitic schist (NFS-1) and one paramigmatite (NFM-1).
NFA-3 is a fine-grained well foliated augite-plagioclase-hornblende amphibolite from the Boxford Member, near the eastern boundary of the Nashoba Formation ( fig. 1B) . It is composed of approximately 50% hornblende, 30% labradorite (An 54 ), 12% augite, 5% titanite and minor amounts of clinozoisite. The augite is typically limited to plagioclase rich layers and much of the titanite occurs as overgrowths on opaques, most likely ilmenite.
NFA-7 is a medium-grained plagioclase-hornblende amphibolite with minor quartz from near the western boundary of the Nashoba Formation ( fig. 1B) . It is composed of approximately 50% hornblende, 40% plagioclase, 5% ilmenite, and minor amounts of quartz and apatite.
NFS-1 is a graphitic garnet-sillimanite-muscovite schist with quartzofeldspathic layers from near the western boundary of the Nashoba Formation. It is composed of 35% sericite, 25% quartz, 10% sillimanite, 10% muscovite, 10% biotite, 5% garnet, and 2% graphite with minor apatite.
NFM-1 is a finely layered paramigmatite with plagioclase-quartz-microcline leucosomes and sillimanitemuscovite-biotite melanosomes from near the western boundary of the Nashoba Formation ( fig. 1B) . It is composed of approximately 25% quartz, 20% biotite, 20% muscovite, 20% microcline feldspar, 8% labradorite, 5% prismatic sillimanite and minor amounts of zircon. To compensate for the heterogeneity of the paramigmatite, approximately 500 cm 3 of sample was processed and homogenized for Sm/Nd analysis. Fish Brook Gneiss.-Two samples of granitic gneiss were chosen from the Fish Brook Gneiss. FBG-3 (northeastern body; fig. 1B ) is composed of approximately 60% oligoclase (An 26 ), 15% quartz, 15% orthoclase, and 8% biotite with minor amounts of muscovite, chlorite and epidote. FBG-4 (southwestern body) is composed of approximately 40% plagioclase, 25% orthoclase, 20% quartz, 13% biotite and 2% garnet.
